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Isofield magnetization curves are obtained and analyzed for three single crystals of YBa2Cu307_2,, 
ranging from optimally doped to very underdoped, as well as the BCS superconductor Nb, in the 
presence of magnetic fields applied both parallel and perpendicular to the ah planes. Near Tc, the 
magnetization exhibits a temperature dependence \/M cx \Ta{H) — T]™. In accordance with recent 
theories, we associated Ta{H) with the onset of coherent phase fluctuations of the superconducting 
order parameter. For Nb and optimally doped YBaCuO, Ta{H) is essentially identical to the mean- 
field transition line Tc{H). The fitting exponent m ~ 0.5 takes its mean-field value for Nb, and varies 
just slightly from 0.5 for optimally doped YBaCuO. However, underdoped YBCO samples exhibit 
anomalous behavior, with Ta{H) > Tc for H \\ c, suggesting that the magnetization is probing a 
region of temperatures above Tc where phase correlations persist. In this region, the fitting exponent 
falls in the range 0.5 < m < 0.8 for H \\ c, compared with m ~ 0.5 for H || ab. The results are 
interpreted in terms of an anisotropic pairing symmetry of the order parameter: d-wave along the 
ab planes and s-wave along the c axis. 

PACS numbers: 74.25.Bt, 74.25. Ha,74.72.Bk,74.62.-c 



INTRODUCTION 

It is well known that underdoped high- Tc superconduc- 
tors exhibit a rich variety of fluctuation phenomena in 
the pseudo-gap regime fT, . Many of these phenomena 
are thought to arise from amplitude fluctuations, which 
persist even without phase coherence 0, However, 
the superconducting transition at zero magnetic field, Tc, 
represents the temperature at which phase coherence is 
lost 0. For low- Tc superconductors, neither amplitude 
nor phase fluctuations play an important role, and the 
resulting transition is of the mean- field type Q. On the 
other hand, high- Tc materials, as underdoped cuprates, 
have a low superfluid density [5| , leading to a small phase 
stiffness and an enhancement of phase fluctuations in the 
vicinity of Tc. In Ref. [6], a line of phase transitions 
Tfj,(x) > Tc was obtained for YBa2Cu3 07_2; as a func- 
tion of doping X, marking the disappearance of phase 
coherence. However, Refs. [sj and [y| did not consider 
an applied magnetic field, although most superconduct- 
ing phenomena above Tc in underdoped materials depend 
sensitively on the magnetic field @) S 0, 0] and fluctu- 
ating vortices. The dearth of experimental work in the 
literature, exploring the existence of the temperature T^ 
, forms the motivation for the present experiments. As 
we shall explain below, our work was also motivated by 
the results of Ref. [8] , where phase fluctuations are shown 
to have an effect on the superfluid density of states, re- 
ducing the gap in the vicinity of Tc. 

In this paper, we present isofleld measurements of the 
reversible magnetization versus temperature, obtained 
from three single crystals of YBaCuO ranging from un- 
derdoped to optimally doped. We consider magnetic 



fields applied both parallel and perpendicular to the c- 
axis. We also present a few isofield a/M vs. T curves for 
Nb, a well know BCS superconductor 0, for comparison. 
Our data are plotted as \/M vs. T, where ^/M is directly 
proportional to the amplitude of the order parameter 
near Tc [lo| . In this way, we can directly probe fluctua- 
tions of the order parameter occurring below and above 
Tc in YBaCuO within the pseudo-gap region J,, ^, [ill ■ 



EXPERIMENTAL 

The single crystals of YBaCuO were grown at Ar- 
gonne National Laboratory [1^ with fully developed 
transitions of width ATc ~ 1 — 2K . The optimally 
doped Y Ba2Cu^OT-x single crystal had a composition of 
X ~ 0.05 with Tc=91.7 K , and have approximate dimen- 
sions of 1x1x0.3 mm and mass ~ \.7mg . For the under- 
doped samples with H \\ c, we used magnetization data 
previously obtained from two deoxygenated crystals [l3| 
with compositions of a; = 0.5 and 0.6, and correspond- 
ing transitions at Tc=41.5 and 52 K, respectively (these 
two samples have approximate dimensions of 1x1x0.2 mm 
and mass ~ Img) . For the Nb sample, we used the 
magnetization data previously presented in Ref. 1^ . All 
our magnetization data were obtained with a commercial 
magnetometer, based on a superconducting quantum in- 
terference device (SQUID). The data were obtained after 
cooling the sample from temperatures above Tc in zero 
applied magnetic field to a desired temperature below Tc- 
Magnetic fields up to 50 kOe were then applied, reach- 
ing the desired value without overshoot. The data were 
obtained by heating the sample in fixed increments of 
temperature up to a temperature well above Tc. We also 
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obtained field-cooled curves, which allowed to obtain the 
reversible (equilibrium) magnetization. Two field orien- 
tations were used, corresponding to H \\ c and H \\ ab 
planes. For the latter geometry, we attached the samples 
with varnish to a tiny quartz-rod inserted along the axis 
of a straw. The magnetization data were obtained up 
to 150 K for the Tc=91.7 K sample, up to 80 K for the 
rc=52 K sample, and up to 70 K for the Tc=41.5 K. The 
background magnetization due to normal state electrons 
was determined (and removed) for each data set by fit- 
ting to the form Mf, = c{H)/T — a{H) in a temperature 
window well above Tr. 



RESULTS 

The resulting reversible magnetization data are plotted 
as Vm vs. T in Figs. [H [2] and El The Nb data are 
shown in the inset of Fig. UK a). As a reference point, 
the H II c data, shown in Figs. [Ha), [DJa), and El^a), 
all exhibit a crossing point, where the magnetization is 
independent of the field. This interesting feature occurs 
in 2D systems 13, Ifii Hj as well in 3D systems 17. 18|. 
and can be explained in terms of vortex fiuctuations. The 
crossing point was previously investigated for the same 
deoxygenated samples studied here [l3|, and it will not 
be discussed further. 

In the conventional theory of the upper critical field 
Hc2 II^, the magnetic induction B obtained from the 
Ginzburg-Landau equation can be expressed as [l3| 



B 



mc 



(1) 



where is the superconducting order parameter. The 
magnetisation M = {B — H) / An is then given by 



M = -—m^. 

mc 



(2) 



Within the Abrikosov approximation [19| , it therefore fol- 
lows that V^M is directly proportional to the average am- 
plitude of the order parameter. Near the superconduct- 
ing transition, the temperature dependence of the mag- 
netization can then be expressed as -s/M oc \Tc[H) — T]™, 
in terms of the mean-field transition temperature Tc{H). 
The mean- field exponent is given by m = 1/2 both for 
s-wave BCS superconductors [l3|, and for d-wave super- 
conductors within a Ginzburg-Landau theory [2^ . 

Here, we perform a generalized scaling analysis of the 
magnetization data. We infer the presence of a phase- 
mediated transition from the fitting relation ^/M oc 
{Ta{H) - T)™, where Ta{H) denotes the apparent tran- 
sition temperature, and m is the fitting exponent. For 
underdoped samples in particular, the phase fluctuations 
may be quite large, and the exponent m may vary signif- 
icantly from its mean-field value. 



To focus on phase-mediated behavior, we must distin- 
guish it from the complementary fiuctuations of the am- 
plitude of the order parameter, which appear as anoma- 
lous enhancements of the magnetization above Tc, partic- 
ularly for the field orientation H \\ c. Like the phase fluc- 
tuations 01 , these amplitude fluctuations occur predomi- 
nantly in the pseudo-gap phase of underdoped materials, 
due to their extreme anisotropy or two-dimensionality 
plj . Indeed, deoxygenated crystals with same transition 
temperatures studied here have previously been shown to 
exhibit strong 2D critical fluctuations [23] ■ The phase- 
mediated behavior of interest here occurs at temper- 
atures below the amplitude fluctuation regime, in the 
vicinity of the crossing point. For our analysis, we de- 
termine a temperature fitting range for each data set. 
For the curves obtained with || c, we take the infiec- 
tion point of the magnetization as our high temperature 
cutoff, since it marks a change in the temperature de- 
pendence (curvature) of the magnetization. Typically, 
the inflection point remains within the superconducting 
scaling regime, since it lies within a degree or two below 
the zero-field transition. For most of the curves the in- 
fiection point occur at the crossing point. For the curves 
with H \\ ah the crossing point is not well defined (neither 
a change in curvature), and the high temperature cutoff 
was taken visually from the smoothness of the asymptotic 
behavior of each curve near Tc- For the low temperature 
cutoff, we choose a point where the reversible magnetiza- 
tion becomes approximately linear. The resulting fitting 
curves are shown as solid lines in Figs. 1-3. Dashed lines 
in Figs. 1-3 (only for H \\ c) represents the extrapolation 
of the fittings to Ta{H), and also helps to visualize the 
change in the curvature in each curve. We note that the 
fitting ranges have a typical width of 5-8 K, which tends 
to increase for higher fields with H \\ c, and to decrease 
for more underdoped samples. For the narrower fitting 
ranges, we included some magnetization data lying in the 
linear M{T) regime, corresponding to Abrikosov's solu- 
tion of the Ginzburg-Landau equations [l9| . Such linear 
data have previously been used to estimate mean-field 
transition temperatures Tc{H) from isofield M{T) data 
[2^ . Figure 4(a) illustrates the linear region of the re- 
versible magnetization curves for selected fields and the 
respective Tc{H) obtained from the linear extrapolation. 
Figures 4(b) and 4(c) show plots of \/M vs. T (and 
fittings) obtained from two M vs. T curves of Fig. 4(a), 
evidencing the differences between Tc{H) and Ta{H) for 
these samples. We mention that values of Tc{H) obtained 
from this linear method produced consistent values of 
dHc2/dT < for all saniples in reasonable agreement 
with values listed in Ref. |l3|. Results for the fitted val- 
ues of Ta (H) and m are shown for different samples and 
field orientations in Figs. 1-3. We note that most of the 
resulting fitting curves can be extended for several de- 
grees below their fitting range (up to 5 K for high field 
curves), while still providing a good description of the 
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experimental data. For the Nb sample in the inset of 
Fig. [TJa), the resulting values of Ta{H) are essentially 
identical to the mean-field transition Tc{H) obtained in 
Ref."l4, with {dTa{H)/dH) < 0. For the optimally doped 
YBaCuO sample in Fig. [Hb), we also obtain transition 
temperatures consistent with the linear M(T) extrapola- 
tion method used in Ref. |2^, for both field orientations. 
One may expect this conventional behavior for both of 
these samples, which exhibit no pseudo-gap phase. We 
note that the observed fitting exponents for optimally 
doped YBaCuO were enhanced slightly for H \\ c, and 
suppressed slightly for H \\ ah, relative to their mean-field 
values. However, these deviations are relatively weak, 
compared with the underdoped samples. 

The underdoped samples in Figs. 2 and 3 show behav- 
ior that is not characteristically mean-field, and refiect 
enhanced fiuctuation effects. For _ff _L c, Ta{H) is es- 
sentially constant, with no resolvable slope. However, 
for H \\ we observe a distinct, anomalous slope with 
dTa{H)/dH > 0. In fact, for high field curves, the infiec- 
tion points occur above the respectives crossing points, 
but below Tc, as shown in the plots of Fig. 4(a) and 4(b), 
which partially explains why Ta{H) increases with field. 
For these curves, the fitting exponents m also appear to 
increase anomalously with the field. 



DISCUSSION 

It is shown in Ref. d that phase fluctuations of the 
order parameter with d-wave symmetry can have a net 
effect on the superfluid density of states reducing the gap 
in the vicinity of Tc- An inspection of Figure 2 of Ref. Isl 
shows that the change in the shape of the gap near Tc 
is accompanied by a change in the value of the exponent 
TO. We observed that we can apply the later result to 
explain the large values of the fltting exponent to found 
for YBaCuO with H \\ c. Following this conjecture the 
temperature dependence of the order parameter in the 
curves of Fig. (TJ [21 and [3] is defined by phase fluctu- 
ations, and values of Ta{H) obtained from the fittings 
represents temperature values at which phase coherence 
is lost. Then the temperature dependence of the mag- 
netization observed here in several different samples is 
generally consistent with the proposed theories of Curty 
and Beck ^ and Emery and Kivelson In this picture, 
the inferred transition temperature Ta (H) represents the 
onset of phase coherence, and may be associated with the 
zero-field temperature T^. Although Ta{H) does not cor- 
respond to a true phase transition, it appears to control 
the scaling properties of the magnetization M{T) in the 
asymptotic regime, just below the regime of strong ampli- 
tude fluctuations. For conventional superconductors like 
Nb, phase and amplitude fluctuations are both weak, and 
the magnetization exhibits mean-field behavior. For op- 
timally doped YBaCuO phase fluctuations are expected 
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FIG. 1: Isofield curves of v M vs. T where M is the reversible 
magnetization, (a) Optimally-doped YBaCuO {Tc=91.1 K) 
with H II c. Dashed lines shown the extrapolation of the 
fittings to Ta{H) for i^ = 50 and 10 kOe. Inset: Nb data 
(note that Nb is isotropic), (b) Optimally-doped YBaCuO 
with H II ab. Inset: phase correlation temperature Ta{H) vs. 
H. 



to be important in the vicinity of Tc Q , but the absence 
of a pseudo-gap phase produced a mean-field like behav- 
ior for Ta{H) as for Nb. However, underdoped high- Tc 
superconductors exhibit very different behavior, with sig- 
nificant phase fiuctuations, and a line of phase-mediated 
transitions Ta (H) quite distinct from the mean-field tran- 
sition Tc{H). The observation of phase coherence above 
Tc correlates with thepresence of a pseudo-gap in the un- 
derdoped materials [6||. The persistence of phase coher- 
ence above TdH) (up to Ta{H)) may explain why fluctu- 
ation effects observed above Tc in underdoped materials 
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resemble superconducting properties normally observed 
below Tc, as claimed in Refs.y, 0, 0]- The distinction 
between Ta{H) and Tc{H) may also explain why the ob- 
served fitting exponent deviates from m = 1/2. Since 
doping and magnetic field both effect phase fluctuations 
[2J|, we can anticipate that the value of m will depend 
on the field. 

A possible explanation for the anomalous behavior of 
dTa/dH and m in the underdoped samples arises from 
the d-wave pairing symmetry of the order parameter. As 
mentioned above, it is shown in Ref. that phase fluctu- 
ations of a d-wave order parameter can have a net effect 
on the superfluid density of states producing a change 
in the value of the fitting exponent m. In this picture, 
the anisotropic dependence of m on iJ can also be ex- 
plained in terms of the order parameter symmetry. Dif- 
ferences on the effect of phase fluctuations depending on 
the symmetry, s-wave or d-wave, of the order parame- 
ter are expected since the d-wave symmetry presents a 
node and anti-node where the effects of phase and am- 
plitude fluctuations are distinct This fact suggests 
that differences observed in the values of the exponent 
m depending on the direction of the magnetic fleld with 
respect to the c-axis are consequences of the pairing sym- 
metry of the order parameter in YBaCuO, which is likely 
to be d-wave in the ab-planes and s-wave along the c-axis 
(as in Nb). We note that this pairing symetry of the or- 
der parameter have been suggested by J. Mannhart et al. 
[25] for high- Tc superconductors and a recent result in a 
LaSrCuO crystal also suggests s-wave pairing along the 
c-axis [2^. 

An alternative explanation for the anistropic fitting 
exponent m may arise from the anisotropy of the vor- 
tex critical current in the quasi-2D, underdoped cuprates 
27| . For these highly anisotropic superconductors, the 
high-field vortex state is formed of pancake vortices when 
if II c and Josephson vortices when iJ _L c, with dis- 
sipation that is field independent for the case of iJ | 
ab [11]. The zero-field-cooled (reversible) magnetiza- 
tion may therefore provide a direct measurement of the 
anisotropy of the critical current, which sustain the vor- 
tex state, and its temperature dependence. We point 
out, however, that the observed behavior is strongly in- 
fiuenced by fluctuations, leading to complications for in- 
terpretations based on mean-fleld arguments. 

In conclusion, we have determined the apparent transi- 
tion temperature Ta{H), associated with phase coherence 
above the mean-field transition, by fitting the tempera- 
ture dependence of the magnetization a/M cx [Ta{H) — 
T]™ for several high- Tc and conventional superconduc- 
tors. For deoxygenated YBaCuO samples with H \\ c 
we observe that TaiH) > with dTa/dH > 0. Such 
anomalous behaviour suggests that the magnetization is 
probing a regime where phase coherence persist above 
Tc, even in the absence of true long-range order. These 
same samples also exhibit significant amplitude fluctu- 
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FIG. 2; Isofield curves of vs. T for underdoped YBaCuO 
{Tc=52 K), where M is the reversible magnetization, (a) 
H II c, higher fields. Dashed lines shown the extrapolation 
of the fittings to Ta{H). Inset: lower fields, (b) Same sample, 
H II ab. Inset: phase correlation temperature Ta{H) vs. H. 



ations without phase coherence extending to well above 
Ta{H). For all our samples, the values of the fitting expo- 
nent m ~ 0.5 are consistent with mean-field theory when 
H II ab, but deviate from this conventional behavior when 
H \\ c axis, particularly for the underdoped cuprates. We 
have suggested several interpretations for this anomalous 
behavior, including an anisotropy of the symmetry of the 
order parameter: s-wave along the c-axis vs. d-wave in 
the ab planes. 

We thank Mark Friesen for a critical reading of the 
manuscript and many helpful suggestions, Boyd Veal 
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FIG. 3: Isofield curves of v M vs. T for underdoped YBaCuO 
{Tc— 41.5 K), where M is the reversible magnetization, (a) 
-ff II c, higher fields. Dashed lines shown the extrapolation 
of the fittings to Ta{H) for H — 50 and 5 kOe. Inset: lower 
fields, (b) Same sample, H || ab. Inset; phase correlation 
temperature Ta{H) vs. H. 
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